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ABSTRACT
The carbon to oxygen ratio in a protoplanetary disk can have a dramatic influence on
the compositions of any terrestrial planets formed. In regions of high C/O, planets form
primarily from carbonates and in regions of low C/O, the ratio of magnesium to silicon
determines the types of silicates which dominate the compositions. We present C/O and
Mg/Si ratios for 849 F, G, and K dwarfs in the solar neighborhood. We find that the
frequency of carbon-rich dwarfs in the solar neighborhood is < 0.13% and that 156 known
planet hosts in the sample follow a similar distribution as all of the stars as a whole. The
cosmic distribution of Mg/Si for these same stars is broader than the C/O distribution and
peaks near 1.0 with ∼ 60% of systems having 1 ≤ Mg/Si < 2, leading to rocky planet
compositions similar to the Earth. This leaves 40% of systems that can have planets that
are silicate rich and may have very different compositions than our own.
Subject headings: stars: abundances; stars: solar-type, stars: statistics
1. INTRODUCTION
Obtaining the masses of transiting exoplanets al-
lows us to measure their bulk densities, an impor-
tant step in understanding their interior composi-
tions. Improvements in radial velocity precision are
pushing those measurements into the regime of ter-
restrial mass planets (Motalebi et al. 2015; Pepe
et al. 2011). A range of possible interiors is still pos-
sible due to varying ratios of heavy elements (Mad-
husudhan et al. 2012).
Chemistry is one of the important environmental
factors in the protoplanetary disk. Given a temper-
ature and pressure profile for the disk, the abun-
dance of different elements determines the composi-
tion and structure of planet interiors. Because stel-
lar atmospheres evolve slowly, the elemental abun-
dances of planet host stars reflects the composition
of their planet forming disks.
The prevalence of carbon and oxygen and the fa-
vorable thermodynamics of carbon monoxide bonds
make CO a dominant molecular component of the
gaseous protoplanetary disk (Pontoppidan et al.
2014; Gail & Sedlmayr 2014). As solids condense
out, the ratio of carbon to oxygen influences the
planetesimal geology (Pontoppidan et al. 2014). If
the C/O ratio is above a threshold value, then
there is almost no free oxygen available to form sili-
cates and the geology will be dominated by carbon-
ates (Kuchner & Seager 2005); under high pressure,
these are expected to form crystal diamond compo-
sitions (Madhusudhan et al. 2012). When the C/O
ratio is below that threshold, planetesimal geology
is primarily magnesium silicates. The threshold ra-
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tio is ∼ 1 at the formation sites of the planetesimals,
but due to the temperature structure and evolution
of the protoplanetary disk, initial ratios as low as
0.65 can still lead to carbon rich conditions (Mori-
arty et al. 2014). The solar system C/O is ∼ 0.54
(Caffau et al. 2011; Asplund et al. 2009) and the
rocky planets have magnesium silicate compositions
despite carbon being almost ten times more abun-
dant in the solar photosphere than silicon (Asplund
et al. 2009).
The nucleosynthetic pathways for carbon and
oxygen are slightly different. Although both are
formed in the explosions of massive stars, the ma-
jority of carbon comes instead from lower mass stars
(Woosley et al. 2002). The evolutionary pathway to
carbon rich dwarf is exceedingly narrow and involves
mass transfer from an AGB companion (Steinhardt
& Sasselov 2005). Oxygen is the most abundant
heavy element produced by massive stars (Woosley
& Weaver 1995). Their more rapid evolution will re-
sult in an initially low C/O ratio that will increase
as AGB winds contribute carbon to the interstellar
medium. Galactic chemical evolution (GCE) mod-
els predict that the ratio of C/O should peak at just
slightly greater than solar (Gaidos 2015; Kobayashi
et al. 2006; Gustafsson et al. 1999). Photomet-
ric surveys and targeted searches for carbon dwarfs
(Steinhardt & Sasselov 2005) have found that fewer
than 0.1% of main sequence stars are carbon rich
(i.e. C/O > 1) (Covey et al. 2008).
In contrast, some high resolution spectral analy-
ses of carbon and oxygen lines have found that the
fraction of stars with C/O ratios > 1 may be as high
as 6-10% (Petigura & Marcy 2011; Delgado-Mena
et al. 2010) of all stars. Spectroscopic measurements
of both elements are difficult due to blends and the
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2small number of atomic lines of C and O in the visi-
ble. More recent analyses with updated line param-
eters have found lower values (Nissen et al. 2014;
Teske et al. 2014). Uncertainties in the high C/O
tail of the distribution could also reduce the number
of stars with high C/O to 1-5% (Fortney 2012). Al-
most constant errors in the logarithmic abundances
lead to a log normal distribution of the C/O errors.
The result is higher uncertainties at higher C/O ra-
tios. However, 1-5% of stars with C/O > 1 is still
more than a factor of 10 greater than that expected
from the frequency of carbon dwarfs or from galac-
tic chemical evolution models. Fewer than 1% of
M dwarfs in the solar neighborhood, which should
show clear evidence of high C/O ratios in their spec-
tra, have 0.8 < C/O < 1.0.
For oxygen rich systems (i.e. C/O < 1) the sil-
icate minerology will be determined by the local
Mg/Si ratio. Magnesium and silicon form in nearly
equal abundance to each other, solar Mg/Si = 1.05
(Grevesse et al. 2007), and there are 3 regimes
of mineral formation as that ratio varies. When
Mg/Si < 1, the magnesium is consumed in produc-
ing pyroxene (MgSiO3) with the remainder of the
silicon in feldspars. In systems with 1 < Mg/Si <
2 there will be a mix of pyroxene and olivine
(Mg2SiO4) similar to the solar system. Olivine and
other magnesium compounds such as MgO and MgS
will dominate in the case of Mg/Si > 2 (Gail & Sedl-
mayr 2014; Carter-Bond et al. 2012). The partic-
ular geology could have profound consequences for
differentiation and energy transport in the planet in-
terior, and ultimately for the habitability of the re-
sulting planets and our ability to characterize them.
We examine the C/O ratios for 849 F, G, and K
dwarfs in the solar neighborhood. We also derive
the distribution of Mg/Si ratios and compare both
the C/O and Mg/Si ratios for known planet hosts
to the general sample. These distributions can in-
form theoretical expectations of protoplanetary disk
compositions and the range of exoplanet interiors.
2. DATA AND ANALYSIS
The catalog of Brewer et al. (2016) has abun-
dances of 15 elements including C, O, Mg, and Si for
more than 1600 F, G, and K stars. The stars were
all observed using the HIRES instrument on the
Keck telescope with the same instrumental setup.
Most of the stars were observed as part of the Cal-
ifornia Planet Search (CPS) program and have a
typical SNR  100. A subset of fainter targets,
mainly Kepler stars, were observed at lower SNR.
The analysis used Spectroscopy Made Easy (SME)
in an iterative procedure with a single line list. The
initial guesses for the stellar parameters assumed a
solar abundance pattern and chose Teff from broad-
band colors. Global stellar parameters (Teff , log g,
[M/H], and vmac with v sin i=0) and the abundances
of three α elements (Ca, Si, Ti) were fit with a
synthetic model using a Levenberg Marquardt al-
gorithm. These global parameters were then fixed
when fitting for abundances of 15 elements includ-
ing the three α elements. Using the new abundance
pattern, an iteration was carried out to refine the
spectral synthesis model. Small residual trends in
abundances with Teff were fit and removed to pro-
vide corrected abundances.
2.1. Solar Relative Abundances
The spectral model included more than 7500
atomic and molecular lines in segments between
5160 A˚and 7800 A˚. The line parameters for the
analysis were tuned against the solar flux atlas of
Wallace et al. (2011) using the abundance pattern
of Grevesse et al. (2007). Twenty spectra of re-
flected sunlight from 4 asteroids taken on 5 sepa-
rate epochs were used to verify that the procedure
returned the solar values. The mean offset in abun-
dance was ∼ 0.02 dex with an rms scatter of less
than 0.01 dex for most elements. The mean offsets
in asteroid abundances were removed from the fi-
nal abundances to yield self-consistent solar relative
values.
2.2. Sample Selection
The final corrected abundances show a precipi-
tous rise in scatter for stars with SNR < 100 and
a weaker, but noticeable, increase in scatter for
stars with v sin i & 15 km/s and Teff . 5000 K.
There are also trends of opposite sign in the oxygen
and carbon abundances above ∼ 6000 K. We there-
fore restrict our analysis to those with SNR > 100,
6100 K > Teff > 4800, and v sin i ≤ 20 km/s. Nei-
ther magnesium or silicon show significant trends
for all stars in the Brewer et al. (2016) catalog and
these elements have a lower scatter than oxygen or
carbon.
Our goal in this work is to determine the distribu-
tion of C/O ratios in dwarf stars in the local neigh-
borhood in order to assess potential influences on
planet formation. In order to avoid carbon enhance-
ment from stellar evolution, we restrict the sampe
to main sequence stars with log g ≥ 3.5. These cuts
resulted in a sample of 849 stars.
There are 156 known planet hosts out of the 849
stars in our sample (dark blue regions in Figure 1).
The majority of the planet hosts were detected with
radial velocity and so are biased towards more mas-
sive planets; 110 of the hosts have giant planets
(> 0.7RJup or > 0.2MJup) and 60 of those have
semi-major axes less than 1 AU. The remainder of
the stars on the CPS Doppler survey with unde-
tected planets are likely to host smaller planets; very
few will have gas giant planets.
2.3. Analysis
We used the values for [C/H], [O/H], (C/H), and
(O/H) published in Brewer et al. (2016) to calcu-
late the C/O ratios (Equation 1). Here [X/H] is
the standard notation for the log10 of the solar rel-
ative number abundance of an element with respect
3to hydrogen and (X/H) is the log10 number abun-
dance of the element with respect to hydrogen +12
for the Sun.
X1/X2 = 10
([X1/H]+(X1/H))−([X2/H]+(X2/H))
(1)
We derived Mg/Si ratios for the sample as well
using the same procedure.
The errors presented in the catalog are given as
log relative errors for each element. This allowed
a direct calculation of the relative errors from the
quadrature sum of the errors for the two elements
in the ratio. The uncertainties for [C/H], [O/H],
[Mg/H], and [Si/H] are 0.026 dex, 0.036 dex, 0.012
dex, and 0.008 dex respectively. The errors were
calculated using all of the stars in the sample with
repeated observations. The pairwise abundance dif-
ferences for all such stars in the sample were col-
lected and the central 68% of the distribution for
each element was taken. These values were multi-
plied by a factor of 2 for the final uncertainties as
discussed in detail in Brewer et al. (2016). The re-
ported uncertainties in [Mg/H] and [Si/H] are quite
small and may not fully capture uncertainties due
to NLTE effects, errors in the atmosphere mod-
els or the empirically corrected trend. Because at-
mospheric models are tuned to the Sun, they are
less robust for stars that are increasingly non-solar.
To minimize systematic errors from model atmo-
spheres, we established a subset of comparison stars
that were similar in temperature and surface gravity
to the Sun.
3. RESULTS
The distribution of C/O in slowly rotating F, G,
and K dwarfs in the solar neighborhood (Figure
1) has the expected distribution from stellar mod-
els (Woosley & Weaver 1995) and those of galac-
tic chemical evolution (Gaidos 2015). The maxi-
mum ratio in our sample of 849 stars is C/O =
0.66±0.068. Only four stars approach the minimum
C/O ratios necessary to form carbon rich rocky
planets (Moriarty et al. 2014) and none are in the
carbon rich regime that would make such planets
probable. The median of the sample is 0.47, which
means that the Sun at C/O = 0.55 is slightly car-
bon rich compared to the stars in our sample. The
standard deviation in the sample is 0.07, though
the distribution has a long tail towards lower C/O
ratios.
At lower metallicities, the C/O ratio increases
with [Fe/H], though at [Fe/H] & −0.1 dex the dis-
tribution is relatively flat. This plateau in C/O
matches expectations from the galactic chemical
evolution model for stars in the solar neighborhood
of Gaidos (2015), though the exact location of this
plateau varies by both location in the disk and car-
bon and oxygen yields from low and intermediate
mass stars (Carigi et al. 2005). We used Gaus-
sian kernel regression to find an appropriate func-
tional fit to the mean of the distribution. The final
quadratic fit (Figure 2) closely matches the Gaus-
sian kernel regression with a rms scatter of 0.06. Re-
cent results from Nissen (2013); Nissen et al. (2014)
and Teske et al. (2014) fit linear trends that have
similar slopes to our fit at lower metallicities; how-
ever, our distribution differs in that it levels off at
metallicities > −0.2 and we do not understand the
reason for that difference.
The C/O ratio of the metal rich star 55 Cnc has
been reported to have C/O as high as 1.12 (Delgado-
Mena et al. 2010), motivating speculation about the
possibility of diamond planets (Madhusudhan et al.
2012). Subsequent analyses yield lower values for
55 Cnc, but the lowest at 0.78 ± 0.08 (Teske et al.
2013) still allowed for the possibility of forming car-
bon rich terrestrial planets. In contrast, we derive
a C/O ratio for 55 Cnc of 0.53 ±0.054, almost iden-
tical to the Sun.
The distribution of C/O ratios for known planet
hosts is very similar to that of stars without known
planets. However, we note that our knowledge
about the existence of planets is strongly biased to-
ward gas giant planets in this sample. Since the
C/O ratio is correlated with [Fe/H] (Figure 2), we
expect that a small shift in the peak of the C/O
distribution for planet hosting stars statistically re-
flects the higher metallicity of these stars. The dis-
tribution of Mg/Si ratios has a median value of 1.02
(Figure 3); 40% having Mg/Si < 1 and the remain-
ing 60% of the stars have Mg/Si between 1 and 1.4.
Table 1 contains the abundance data from Brewer
et al. (2016) (Columns (4)-(7)) along with the calcu-
lated C/O (Column (8)), Mg/Si (Column (9)) and
the number of known planets around the star (Col-
umn (10)). Columns (1)-(3) are the SPOCS ID,
name and V magnitude as presented in the cata-
log. Based on the uncertainties provided in Brewer
et al. (2016), the uncertainties in the C/O values are
±10% and the uncertainties in the Mg/Si values are
±3.3%.
4. DISCUSSION
The importance of C/O to the interior structure
of rocky planets has prompted recent spectroscopic
work in identifying the distribution of C/O in stars.
The carbon to oxygen ratio is also a tracer of stel-
lar and galactic chemical evolution and photometric
surveys have previously explored this same ques-
tion. Photometric surveys have the advantage of
both expanded wavelength coverage into the IR
and large numbers covering tens of thousands of
stars. A study combining infrared photometry and
low resolution spectroscopy found that only 4 of
nearly 10,000 low mass stars had C/O > 1 (Covey
et al. 2008), though even those are thought to form
from binary mass transfer instead of having pri-
mordially high C/O (Steinhardt & Sasselov 2005).
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Fig. 1.— The distribution of C/O ratios for a sample of 849 high SNR, slowly rotating dwarf stars from the catalog of
Brewer et al. (2016) with 6100 K > Teff > 4800. The orange portions of the bars indicate known planet hosts. Probability
density functions (PDF) calculated using a Gaussian kernel density estimator and scaled to the area of the histograms are also
presented. The gold star marks the position of the Sun in this sample (C/O = 0.55) and the dashed line marks the C/O ratio
at which it may be possible to form carbon-rich terrestrial planets.
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Fig. 2.— The distribution of C/O as a function of [Fe/H] for all 849 stars in our sample (blue points). The black solid
line indicates a quadratic fit to the distribution and the grey region indicates the 1-σ confidence region. The fit shows an
increase in C/O with increasing metallicity that levels off at [Fe/H] & −0.1 dex. For comparison, we have included the
linear fits of Nissen et al. (2014) (using the 6300 A˚ oxygen line and the 7800 A˚ triplet) and Teske et al. (2014) that have
similar slopes to the low metallicity end of our sample, but don’t adequately capture the leveling off of C/O at higher metallicities.
5TABLE 1
Stellar C/O and Mg/Si Ratios
V [C/H] [O/H] [Mg/H] [Si/H] C/O Mg/Si Known
ID Name mag Planets
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
2 HD 105 7.51 0.073 0.126 -0.012 0.050 0.48 0.91 · · ·
4 HD 166 6.07 0.014 0.085 0.001 0.054 0.46 0.93 · · ·
6 HD 377 7.59 0.122 0.226 0.040 0.128 0.42 0.86 · · ·
10 HD 691 7.95 0.103 0.131 0.107 0.167 0.50 0.91 · · ·
12 HD 1388 6.51 0.005 -0.008 0.027 0.009 0.55 1.09 · · ·
13 HD 1461 6.47 0.131 0.098 0.156 0.161 0.58 1.04 1
22 HD 2589 6.18 -0.051 0.111 -0.002 -0.107 0.37 1.33 · · ·
30 HD 3795 6.14 -0.509 -0.192 -0.454 -0.395 0.26 0.91 · · ·
34 HD 4208 7.78 -0.227 -0.144 -0.208 -0.234 0.44 1.11 1
36 HD 4203 8.70 0.306 0.319 0.306 0.316 0.52 1.02 2
Note. — Table 1 is published in its entirety in the electronic edition of this article.
A portion is shown here for guidance regarding its form and content.
6Optical spectroscopic surveys analyze a relatively
small number of C and O atomic lines. The opti-
cal lines can also be difficult to measure because of
line blends and the literature shows estimates for
the number of stars with primordial C/O > 1 rang-
ing from ∼ 0 to as high as 10% (Nissen et al. 2014;
Petigura & Marcy 2011).
The distribution of C/O ratios calculated here are
shifted to slightly lower values relative to distribu-
tions from other spectroscopic analysis (Petigura &
Marcy 2011; Delgado-Mena et al. 2010). However,
our distribution of lower C/O ratios agrees with the
large photometric searches for carbon-rich dwarfs
(Covey et al. 2008). One possible explanation for
the discrepant comparison with these other spec-
troscopic analyses, is that in addition to the atomic
C and O transitions, our analysis also includes hun-
dreds of molecular lines, which may make our anal-
ysis more robust. We also exclude the [OI] line at
6300 A˚ because it is blended with a nickel line and
a weak CN line. Recent spectroscopic analyses that
include the oxygen triplet at 7770 A˚ (Nissen et al.
2014; Teske et al. 2014; Nissen 2013; Teske et al.
2013) derive lower C/O ratios, in closer agreement
with our distribution.
In systems with high C/O ratios, we expect to
find planets with exotic compositions. The fact that
C/O ratios for other stars are so similar to the Sun
suggests it will be rare for rocky planets to be car-
bon rich (Madhusudhan et al. 2012).
Nevertheless, the broad distribution of Mg/Si in
our sample combined with the overall low C/O ra-
tios indicates that there will still be a large diversity
of terrestrial planet compositions. Within measure-
ment uncertainties, the known planet hosts in the
sample have essentially the same abundance ratio
distribution as the sample as a whole. Our stars
can be divided into two regimes of Mg/Si: Earth-
like magnesium silicate compositions or more silicon
rich mineralogy. Terrestrial planets around any of
these stars would be dominated by the same ele-
ments as rocky planets in the solar system (O, Fe,
Mg, and Si) but the specific compositions of the
rocks will be influenced by which side of Mg/Si= 1
line they fall on (Moriarty et al. 2014; Bond et al.
2010; Delgado-Mena et al. 2010).
Silicon rich systems (Mg/Si < 1) will have their
available magnesium bound up in pyroxene (Bond
et al. 2010) leaving silicon free to form other sili-
cate species. The Mg/Si ratio is between 1 and 1.4
in 60% of the systems that we considered, suggest-
ing that Earth-like compositions may be relatively
common. However, rocky planets around stars with
Mg/Si < 1 could have profoundly different plane-
tary geology with implications for habitability since
vulcanism, silicate weathering, and the carbon cycle
may all be altered by the differing mantle and crust
properties (Foley 2015).
Planets of differing compositions will have slightly
different mass-radius relations due to the varying
equations of state of the rocks under pressure. Es-
timates from models predict a change as small as
2% in the radius and 6% in the mass over the range
of probable Mg/Si and Fe/Si ratios for an Earth-
sized planet (Zeng et al. 2016). However, with bet-
ter knowledge of these chemical ratios we can better
constrain the core mass fractions and mantle radius
fractions that influence mantle convection (Unter-
born et al. 2016), a key ingredient to planet habit-
ability.
4.1. Intrinsic Distribution vs. Systematics
The formal uncertainties on the abundances from
Brewer et al. (2016) account for the precision of fit-
ting a model to observations and were already dou-
bled to account for errors in their models. However,
as uncertainties in the models are known to increase
as temperatures and gravities diverge from solar val-
ues, we consider wether some of the observed spread
in the C/O or Mg/Si ratios could be due to scat-
ter from systematic errors. For Sunlike stars, these
model uncertainties should be minimized and only
the statistical uncertainties should dominate. We
evaluated the magnitude of these systematics by
comparing the distributions of a restricted set of
344 stars with log g > 4.0, and Teff within ±200 K
of the Sun.
Looking first at the C/O ratios (Figure 4) we see
that the distribution of Sunlike stars ifollows the
same general distribution as the sample as a whole,
but is slightly more centrally peaked. This indicates
that the systematic differences are small as we move
away from solar values. We also included the PDF
of a log-normal distribution using the uncertainties
in [C/O] in Figure 4. The narrow distribution in-
dicates that the formal uncertainties are also not
responsible for the spread in the C/O ratios. Mul-
tiplying the uncertainties by an additional factor of
two would give a distribution similar to the higher
C/O values but would still not explain the tail to
lower values.
The uncertainties in [Mg/H] and [Si/H] are much
smaller than for carbon and oxygen, though were
derived in the same manner. In Figure 5 we have
plotted the PDFs for the full sample, the sub-sample
of Sunlike stars, and a log-normal PDF using the
uncertainties in [Mg/Si]. The PDF for the Sun-
like stars is very similar to that of the sample as
a whole, though slightly narrower. supporting our
assertion that a distribution of Sunlike stars will ex-
hibit smaller systematic errors. However, the width
of the Mg/Si distribution is too broad to be ex-
plained by modeling errors. Brewer et al. (2016) had
already inflated the formal errors by a factor of two;
we would need to scale this by an additional factor
of four in order to reproduce a distribution that is
similar to our restricted set of Sunlike stars. To re-
produce the width of the Mg/Si distribution for all
of our stars, we would need to scale our errors up
by a factor of five. Without a physical motivation
for such a large scaling factor for our formal errors,
we conclude that the scatter in the distribution of
70.8 0.9 1.0 1.1 1.2 1.3 1.4
Mg/Si Ratio
0
50
100
150
200
S
ta
rs
Silicon Rich Planets Earth-Like Planet Compositions
(3 btwn 0.5 & 0.8)
All Stars
PDF All
Known Hosts
PDF Known Hosts
Sun
Fig. 3.— The distribution of Mg/Si ratios for known planet hosts (orange) and all other stars in our sample (blue).
Probability density functions (PDF) calculated using a Gaussian kernel density estimator and scaled to the area of the
histograms are also presented. The red dotted line marks the median of the sample. The grey-dashed line marks the point
at which silicate chemistry in the disk would lead to differing final compositions for rocky planets. Below 1.0, the excess of
silicon would allow additional silicon species to form beyond the more Earth-like compositions which would form in systems
with Mg/Si ≥ 1.0. Three stars with 0.5 < Mg/Si < 0.8 were excluded from the plot for clarity.
Mg/Si has a cosmic origin that is intrinsic to our
sample and not introduced by our analysis.
4.2. Conclusions
We find that the carbon to oxygen ratio in the
solar neighborhood is peaked just below the solar
value at 0.47 with a steep drop off at super so-
lar values. There are no stars out of the 849 in
our sample with C/O > 0.7, implying that the for-
mation of carbon-rich rocky planets is rare among
stars represented by our sample. The distribution of
Mg/Si ratios for the stars peaks around 1.0 and the
broad distribution suggests two populations of ter-
restrial planets having different rocky compositions:
Earth-like and silicate rich. Silicate rich planets
very different than those in the solar system could
form in 40% of the systems in our sample. Though
the differences in planet radius between these two
compositions are currently unmeasurable, the stel-
lar abundance ratios may be interesting for probing
the range of rocky planet interiors or understanding
the onset of plate tectonics and exoplanet geology.
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